Attaching and effacing Escherichia coli (AEEC) are extracellular pathogens that induce the formation of actin-rich structures at their sites of attachment to eukaryotic host cells. We analysed whether small GTP-binding proteins of the Rho-and Rassubfamilies, which control the cellular actin system, are essential for these bacterial-induced microfilament reorganizations. For this purpose we specifically inactivated them using the Clostridium difficile toxins TcdB-10463 and TcdB-1470. Such treatment led to a dramatic breakdown of the normal actin cytoskeleton, but did not abrogate the bacterial-induced actin rearrangements. Our data therefore indicate that the microfilament reorganizations induced by AEEC are independent of those small GTP-binding proteins that under normal conditions control the dynamics and maintenance of the actin cytoskeleton. z
Introduction
The actin cytoskeleton is crucial for many cellular processes and is thus the subject of stringent control in the eukaryotic cell. Bacterial-triggered actin reorganizations have therefore to be either integrated in the regulatory system of the host cell or alternatively the pathogen has to ¢nd a way to somehow subvert or circumvent cellular control mechanisms. In recent years, evidence has emerged implicating the small GTP-binding proteins of the Rho-subfamily (Rho, Rac, and Cdc42) as key elements in the regulation of the actin cytoskeleton [1] . These signalling proteins and the small GTP-binding proteins of the Ras-subfamily are extensively interconnected, thereby establishing a regulatory GTPasenetwork.
In this report we have analysed the formation of membrane-associated pedestal-like actin structures which are induced by pathogenic E. coli of the STEC (Shiga toxin-producing E. coli) and EPEC (enteropathogenic E. coli) virotypes (collectively referred to as attaching and e¡acing E. coli (AEEC) [2] ). We used the large clostridial toxins TcdB-10463 (formerly named ToxB) and TcdB-1470 that speci¢-cally inactivate small GTPases of the Rho-and Rassubfamilies. Both toxins actively translocate to the eukaryotic cytoplasm, where they inactivate their different target proteins by glucosylation [3] . The TcdB-10463 toxin inactivates all three members of the Rho-subfamily [3] , whereas its variant form TcdB-1470 modi¢es Rac and additionally the Ras-related small GTP-binding proteins Rap 1 and 2, and Ral A/ B (Weidmann, M., Rupnik, M., Moos, M., and von Eichel-Streiber, C., unpublished data). Incubation of eukaryotic cells with TcdB-10463 and TcdB-1470 leads to a complete disruption of the actin cytoskeleton, resulting in the loss of stress ¢bers and focal adhesion complexes [4, 5] . In contrast to this striking and dramatic e¡ect on the normal cellular micro¢la-ment architecture, we found that the formation of pedestal-like structures induced by AEEC was not a¡ected. This suggests that the formation of these bacterial-induced actin structures is not organized or controlled by the analysed small GTPases of the Rho-and Ras-family. Our data therefore provide evidence that the interaction of AEEC with the cellular micro¢lament system circumvents the stringent control mechanisms that under normal conditions regulate the dynamics and maintenance of cellular actin structures.
Material and methods

Bacterial strains, cell lines and culture conditions
The EPEC strain E2348/69 (serotype O127:H6), the STEC strain 413/89-1 (serotype O26:H3) and the bovine attaching and e¡acing (A/E)-positive isolate CB207 were grown in Luria-Bertani (LB) broth at 37³C. HeLa cells (ATCC CCL2) were grown in Minimal Essential Medium (MEM) supplemented with 5% fetal calf serum, non-essential amino acids and 2 mM glutamine.
Infection of tissue culture cells
The puri¢cation of the C. di¤cile exotoxins TcdB-10463 and TcdB-1470 was performed as described previously [3, 6] . HeLa cells were grown to semi-con£uency on coverslips in 24-well tissue culture plates. Pretreatment of cells with TcdB was routinely performed 18 h prior to the addition of bacteria. The toxins TcdB-10463 and TcdB-1470 were used at ¢nal concentrations of 1 ng/ml and 2 ng/ml, respectively. For infection bacteria from overnight cultures were washed with sterile PBS and 8 Wl of the resulting suspension was added to each culture well. After 2 h the supernatant was discarded and the infected HeLa cells were rinsed twice with prewarmed sterile PBS. Further incubation in fresh medium was prolonged until microcolonies were detectable. The toxin concentrations during infection were the same as during pretreatment.
Electron microscopy of infected cells
For scanning electron microscopy cells were ¢xed with 3% (v/v) glutaraldehyde and 5% (v/v) formaldehyde in cacodylate bu¡er (0.1 M cacodylate, 0.09 M sucrose, 10 mM MgCl P , 10 mM CaCl P , pH 6.9) for 30 min on ice, rinsed thrice with cacodylate-bu¡er and dehydrated using a graded series of acetone. Subsequently, samples were critical-point-dried using CO P , sputter-coated with gold (10 nm), and examined with a Zeiss DSM 940 scanning electron microscope at an acceleration voltage of 10 kV and calibrated magni¢cations.
For transmission electron microscopy infected cells were ¢xed for 40 min in 3% formaldehyde and 1% glutaraldehyde. Cells were rinsed three times with distilled water and stained overnight with 0.5% uranyl acetate. Specimens were dehydrated and embedded in Epon. Thin sections were mounted on copper grids, and conventionally stained with uranyl acetate and lead citrate. Samples were examined with an Zeiss EM902 electron microscope.
Immuno£uorescence
Infected cells on glass coverslips were ¢xed with 3.7% formaldehyde for 5 min and permeabilized with 0.2% (v/v) Triton X-100 in PBS for 1 min. The cov-erslips were rinsed in PBS and incubated with FITCconjugated phalloidin and/or the tyrosine-phosphatespeci¢c monoclonal antibody PT66 (Sigma). Primary antibodies were visualized by subsequent incubation with Cy3-conjugated secondary antibodies (Dianova, Hamburg, Germany). Samples were either examined with a Zeiss Axiophot microscope equipped with epi£uorescence or a Leica-TCS confocal microscope.
Results
Inactivation of small GTP-binding proteins by
the TcdB-10463 toxin does not compromise the formation of actin-pedestals induced by AEEC HeLa cells were treated overnight with puri¢ed TcdB-10463 toxin, which resulted in a complete rounding of these cells (Fig. 1 , compare panels A and B). Despite these dramatic morphological changes most of the cells remained attached to the glass surface even after infection with the di¡erent AEEC strains. Microcolonies of strain CB207 on normal and TcdB-10463-pretreated cells are shown by scanning electron microscopy in Fig. 1A and B, respectively. No di¡erence in the size or appearance of these microcolonies was detectable. Transmission electron microscopy of HeLa cells infected with either EPEC strain E2348/69 or with STEC strain 413/ 89-1 ( Fig. 1C and D, respectively) revealed that the bacteria of both virotypes became tightly attached to the eukaryotic surface of the toxin-pretreated cells. Accumulation of ¢lamentous actin is demonstrated as electron dense material underneath the attached bacteria on the cytoplasmic side of the eukaryotic membrane (Fig. 1, panels C and D, small arrows) . The comparison of both micrographs also reveals a di¡erence in the ability of STEC and EPEC to invade cells. In all samples analysed STEC remained on the surface of the infected cells (Fig. 1, panel D) , whereas EPEC were able to induce their uptake (Fig.  1, panel C, arrowhead) . This di¡erence was observed both in normal and toxin-pretreated cells (data not shown). The process of bacterial uptake was often accompanied by the accumulation of large amounts of electron dense material at the site of the membrane invagination (Fig. 1, panel C) . This material was also found to be associated with some vacuoles enclosing EPEC bacteria that had already entered the cell (Fig. 1, panel C, arrowhead) .
Bacteria on the surface of TcdB-10463-pretreated HeLa cells were additionally examined by light and £uorescence microscopy (Fig. 2) . HeLa cells infected with STEC strain 413/89-1 are shown in panels A and B, whereas cells infected with EPEC strain E2348/69 are shown in panels C^F. Phase contrast micrographs (Fig. 2 , panels A, C and E) and parallel stainings for ¢lamentous actin (Fig. 2, panels B , D, and F) revealed the presence of bacteria-associated actin pedestals, that often had the appearance of broad and bent actin tails (Fig. 2, panels B and  F, arrows) . EPEC bacteria were furthermore capable of inducing bridge-like actin-rich connections between adjacent eukaryotic cells (Fig. 2 , panels C and D).
Treatment of HeLa cells with the variant
TcdB-1470 toxin does not a¡ect the formation of actin-pedestals induced by AEEC HeLa cells were treated overnight with the TcdB-1470 toxin, which resulted in cells that were completely rounded. Infections of these cells with di¡er-ent AEEC strains were examined by immuno£uores-cence using a confocal laser scanning microscope. No obvious di¡erences were observed between the three strains investigated (E2348/69, 413/89-1, and CB207). A confocal plane of a cell infected with strain 413/89-1 is shown in Fig. 3 . Stainings for ¢la-mentous actin and phosphotyrosine-containing proteins are shown in panels A and B, respectively. Clearly, these STEC bacteria were able to adhere and to induce the formation of often elongated actin pedestals. Within these structures, tyrosine-phosphorylated proteins were enriched at the interface of the bacterium and its eukaryotic target cell (Fig.  3, arrows) , as was previously described for the EPEC-induced pseudopods [7] .
Discussion
AEEC are extracellular pathogens that have devised ways of manipulating the host micro¢lament system to mediate their attachment to the epithelial cells of the gut. For this purpose attached AEEC have to communicate with the cytoplasmic actin machinery through the eukaryotic membrane, a situation resembling that found in cells that react to external stimuli with concomitant rearrangements of actin ¢laments. Such events that can originate from clustered integrins or activated growth factor receptors are known to be controlled by Rho (for review see [8] ). It therefore appeared likely that the actin rearrangements induced by AEEC would be sensitive to treatment with TcdB-10463. We examined the possible involvement of small GTP-binding proteins in this process capitalizing on the ability of the two large C. di¤cile exotoxins TcdB-10463 and TcdB-1470 to speci¢cally inactivate de¢ned GTPases of the Rho-and Ras-subfamilies (for review see [9] ).
Treatment of HeLa cells with either of the toxins resulted in a complete breakdown of the cellular stress ¢bers and focal contacts, whereas the reorganization of the cellular actin to pedestal-like structures was not compromised. A comparison of cells infected with the three AEEC strains used in this study, E2348/69 (EPEC), 413/89-1 (STEC), and the bovine isolate CB207 revealed no di¡erence with respect to their ability to induce the formation of actin pedestals in normal and in TcdB-treated HeLa cells. However, the EPEC strain E2348/69 di¡ered from the other strains in the following two aspects.
Firstly, unusually long and extended pedestals were induced by E2348/69 both in the presence and absence of the clostridial toxins that resembled the recently described pseudopod-like structures, which seem to enable movement of EPEC over the surface of infected cells [10] . These elongated pedestals often led to bridge-like connections between adjacent eukaryotic cells, which may facilitate the colonization of epithelial surfaces. We did not observe such pseudopods with STEC bacteria and only extremely seldom with strain CB207 (our unpublished data). However, the induction of such pseudopods in TcdB-treated cells was observed with all three strains investigated, which suggests that under certain conditions most AEEC strains may be able to move over the surface of their host cells.
Secondly, the analysis of infected normal and TcdB-treated HeLa cells by electron microscopy revealed that EPEC invaded both toxin-treated and untreated cells, whereas STEC remained on the eukaryotic surface. The ability of EPEC to invade tissue culture cells is dependent on the polymerization of actin [11] and the observation of intracellular EPEC in cells treated with TcdB-10463 or TcdB-1470 suggests that this process is also independent of the small GTPases of the Rho-and Ras-subfamilies.
Taken together, our data demonstrate that the two TcdB-toxins 1470 and 10463 do not impair the actin rearrangements induced by AEEC. This suggests that these bacterial-induced micro¢lament rearrangements are not dependent on the activities of the small GTPases of the Rho-and Ras-subfamilies and are organized in a way that circumvents most of the cellular control mechanisms that regulate the actin cytoskeleton under normal physiological conditions. AEEC are not the only bacterial pathogens that manipulate the actin cytoskeleton from the outside. Shigella and Salmonella harness the micro¢la-ment system for their uptake. In the case of Shigella this process is dependent on Rho [12, 13] , whereas the invasion by Salmonella is controlled by Cdc42 [14] . The data obtained in this study suggest that AEEC induce processes that di¡er with respect to their regulation from those induced by Shigella and Salmonella. It will be a challenge for future studies to elucidate the signalling mechanisms employed by AEEC to subvert the host cell micro¢lament system so effectively.
